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Motivation 
Di-hadron correlations: 

Low pT (a couple GeV/c) High pT (tens of GeV/c) 

4<pTtrig<6GeV/c	  
2<pTassoc<4GeV/c	  

pTtrig>20GeV/c	  
1<pTassoc<2GeV/c	  
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Motivation 
Di-hadron correlations: 

Low pT (a couple GeV/c) High pT (tens of GeV/c) 

4<pTtrig<6GeV/c	  
2<pTassoc<4GeV/c	  

Single-particle azimuthal anisotropy (vn) 

Flow dominant!
•  η/s 
•  Initial condition 

Jet quenching dominant!
•  Energy loss 
•  Initial condition 

pTtrig>20GeV/c	  
1<pTassoc<2GeV/c	  

And	  ridge/correla.ons	  in	  pPb,	  pp	  colisions;	  CGC/hydrodynamics	  	  
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•  PbPb collisons 
•  Centrality dependence study (low pT) 
•  Very high pT correlations 
•  Correlations in ultra-central (0-0.2%) collisions 

•  pPb collisions (Ridge yield, v2{2}, v2{4}, v3{2}) 

•  pp collisions (Ridge yield) 

CMS di-hadron correlations measurements 
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CMS experiment at LHC 

HF HF 

ü 	  	  

Event-plane determination 

Charged particle tracks 
(pT > 0.2 GeV/c) 
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Di-hadron correlations 

Ridge workshop, INT, Seattle, May 7-11   Wei Li (MIT)  5 

Dihadron correlation measurement at CMS 

Δη = ηassoc – ηtrig
 

Δφ = φassoc – φtrig 

  

€ 

S(Δη,Δϕ) =
1

Ntrig

d2Nsame

dΔηdΔϕ

Signal pair distribution: 

same event pairs 

Event 1: 

pT
trig, pT

assoc: 1-3 GeV/c 

 CMS Minimum Bias pp 7TeV                       

Associated hadron yield per trigger: 

€ 

1
Ntrig

d 2Npair

dΔηdΔφ
= B(0,0) × S(Δη,Δφ)

B(Δη,Δφ)

Background pair distribution: 

€ 

B(Δη,Δϕ) =
1
Ntrig

d 2Nmix

dΔηdΔϕ

mixed event pairs 

Event 2: 

Reconstructed tracks with |η|<2.4 

JHEP 09 (2010) 091 

	  
	  

4 5 Results

|h| < 1 region for pT > 0.6 GeV/c. For the multiplicity range studied here, little or no depen-
dence of the tracking efficiency on multiplicity is found and the rate of misreconstructed tracks
remains at the 1–2% level.

Simulations of pp, pPb and peripheral PbPb collisions using the PYTHIA, HIJING and HYDJET
event generators, respectively, yield efficiency correction factors that vary due to the different
kinematic and mass distributions for the particles produced in these generators. Applying
the resulting correction factors from one of the generators to simulated data from one of the
others gives associated yield distributions that agree within 5%. Systematic uncertainties due
to track quality cuts are examined by loosening or tightening the track selections on dz/s(dz)
and dxy/s(dxy) from 2 to 5. The associated yields are found to be insensitive to these track
selections within 2%.
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Figure 1: 2-D two-particle correlation functions for 5.02 TeV pPb collisions for pairs of charged
particles with 1 < pT < 3 GeV/c. Results are shown (a) for low-multiplicity events (Noffline

trk <
35) and (b) for a high-multiplicity selection (Noffline

trk � 110). The sharp near-side peaks from jet
correlations have been truncated to better illustrate the structure outside that region.

5 Results

Figure 1 compares 2-D two-particle correlation functions for events with low (a) and high (b)
multiplicity, for pairs of charged particles with 1 < pT < 3 GeV/c. For the low-multiplicity
selection (Noffline

trk < 35), the dominant features are the correlation peak near (Dh, Df) = (0, 0)
for pairs of particles originating from the same jet and the elongated structure at Df ⇡ p for
pairs of particles from back-to-back jets. To better illustrate the full correlation structure, the jet
peak has been truncated. High-multiplicity events (Noffline

trk � 110) also show the same-side jet
peak and back-to-back correlation structures. However, in addition, a pronounced “ridge”-like
structure emerges at Df ⇡ 0 extending to |Dh| of at least 4 units. This observed structure is
similar to that seen in high-multiplicity pp collision data at

p
s = 7 TeV [17] and in AA collisions

over a wide range of energies [3–10].

As a cross-check, correlation functions were also generated for tracks paired with ECAL pho-
tons, which originate primarily from decays of p0s, and for pairs of ECAL photons. These
distributions showed similar features as those seen in Fig. 1, in particular the ridge-like corre-
lation for high multiplicity events.

To investigate the long-range, near-side correlations in finer detail, and to provide a quanti-

Physics	  LeDers	  B	  
718	  (2013)	  795–814	  
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Δϕ-projected correlation functions and yield 
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pPb 5.02TeV
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Integrated	  associated	  yield	  	   Physics	  LeDers	  B	  
718	  (2013)	  795–814	  
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•  pPb	  5.02TeV	  
o  pp	  7TeV	  
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Fourier harmonic decomposition 

vn{2,  Δη > 2}(pT ) =  VnΔ (pT,pT
ref )

VnΔ (pT
ref ,pT

ref )

EPJC	  72	  (2012)	  2012	  

Take	  low	  reference	  pT	  bin	  (e.g.:	  0.3-‐3	  GeV/c)	  

Assuming	  factorizaRon:	  

VnΔ = vn (pT
trig )×vn (pT

assoc )
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arXiv:1201.3158!

Fourier	  decomposiRon:	  

  

€ 

dNpair

dΔφ
~ 1+ 2 VnΔ cos(nΔφ)

n=1

∑
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€ 

Vn
f (Fourier)→ vn

f (flow)

€ 

70-80% 

v2
f
  

v2{2} 
v2{4} 

0-5% 

v2 from long-range correlations 

v2f	  with	  
2<|Δη|<4	  
	  
No	  η	  gap	  
for	  v2{2}	  

arXiv:1201.3158 
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Comparing with v2 from Event Plane method 

v2(pT) from correlation method derived by assuming 
factorization agrees well with EP method 

§ Di-hadron correlations 
o HF Event plane 

0-5% 

	  	  Pb	
	  	  	  Pb	  	  	  Pb	
	  	  	  Pb	  	  	  Pb	
	  Pb	  

PbPb 2.76 TeV 

v2 

pT (GeV/c) arXiv:1201.3158 
arXiv:1204.1409 

0-5% 15-20% 35-40% 
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€ 

Vn
f (Fourier)→ vn

f (flow)

€ 

70-80% 

v3
f
  

v3{2} 

0-5% 

v3 from long-range correlations 

v3f	  with	  
2<|Δη|<4	  
	  
No	  η	  gap	  
for	  v3{2}	  

arXiv:1201.3158 
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Full flow harmonics (v2, v3, …) 

v2!

v3!v4!v5!

arXiv:1109.6289!

	  Pb	
 	  Pb	   	  Pb	
	  Pb	  

Measure	  all	  vn	  to	  constrain	  the	  hydro	  calculaRons	  
² 	  η/s	  
² 	  IniRal	  condiRons	  (Glauber	  vs	  CGC)	  

arXiv:1201.3158 
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High pT di-hadron correlations 

The	  ZYAM	  Procedure:	  
The 2D correlations are averaged over ∆ƞ and 
 projected onto the ∆∅-‐axis  to  get  1D  correlations. 

“Flow (v2-v4)” Background expressed 
as a Fourier expansion and scaled by 
the ZYAM procedure 

Note: v1 is not included in flow background 
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Calculating the Integrated Yield 
1D ZYAM Subtracted Correlation 

Away-‐side	  	  
integrated	  yield	  

Near-‐side	  	  
integrated	  yield	  

|∆ƞ| < 1 
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Integrated Yields 

We use IAA ratios to quantify any 
modifications from pp reference:	


I
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Y

PbPb

near

Y
pp

near
I
AA

away =
Y

PbPb

away

Y
pp

away

Differences at low associated 
particle pT are clearly visible on 
the near and away-side 

The away-side also shows 
large discrepancies at high 
associated particle pT 
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Long-Range ∆ƞ Subtraction 

An alternate method is to use the long-range region 
to estimate the full flow background (including v1) 
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Near-Side IAA Centrality Dependence 

Increases with Npart 
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Away-Side IAA Centrality Dependence 

There is a clear correlation between Npart and IAA at 
different pT

assoc consistent with the jet quenching picture 
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Ultra-central collisions (UCC) 

UCC 
0-0.2% 

2011	  UCC	  trigger.	  
~	  1.8	  M	  events	  for	  0-‐0.2%.	  

•  v3 larger than v2 for pT > 1 GeV/c  
•  v5 > v2 for pT > 3 GeV/c 
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vn(pT) comparison with hydro 

η/s ~ 0.08-0.2 with the model 

C. Shen, Z. Qiu,  
and U. Heinz.  

Glauber  η/s = 0.08 
  
MC-KLN  η/s = 0.2  

CMS-PAS-HIN-12-011 
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vn vs. n comparison with hydro 

M. Luzum and J. Ollitrault. C. Shen, Z. Qiu, and U. Heinz.  

Theory reproduces ordering of harmonics with n > 2 quite well 
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Di-hadron correlations in pPb 
Mul.plicity	  distribu.on:	  

Track	  (pT>0.4	  GeV/c,	  |η|<2.4)	  
	  mulRplicity	  distribuRon	  in	  pPb	  
for	  different	  triggers	  	  

Reaches	  very	  high	  mulRplicity	  (The	  fracRon	  of	  events	  in	  300=<Ntrk
offline<350	  

is	  about	  10-‐7	  with	  respect	  to	  all	  MiniBias	  events.	  	  Very	  central	  !)	  

Track	  mulRplicity	  distribuRon	  in	  
MiniBias	  pPb	  and	  PbPb	  50-‐100%	  
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Comparing PbPb and pPb 

•  PbPb	  and	  pPb	  use	  the	  same	  mulRplicity	  selecRon,	  220	  =<	  Ntrk
offline	  <260	  

•  Very	  strong	  long-‐range	  correlaRons	  in	  pPb	  
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arXiv:1305.0609	  
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PbPb vs pPb: pT dependence 

pPb	  and	  PbPb	  shows	  similar	  structure	  
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Di-hadron correlations in high multiplicity pp collisions 

Very high particle density regime 
Is there anything interesting happening? 

Dedicated triggers 
on high multiplicity 
events from a single 
collisions (not pileup!) 
 
Nonline > 85 trigger  
un-prescaled for  
full 980nb-1 data set 

JHEP	  09	  (2010)	  091	  

~350K top multiplicity events (N>110) out of 50 billion collisions! 
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Ridge in pp collisions 
MC:	  HERWIG++,	  N>110	   	  DATA:	  Minimum	  Bias	  pp	  (<N>	  ~	  15)	  

No ridge when correlating to high pT particles! 

	  DATA:	  	   	  DATA:	  	  

No	  ridge	  
No	  ridge	  
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Near-side yield vs pT in pp (N≥110) 

Jet region (|Δη|<1) Ridge region (2<|Δη|<4) 

Increase with pT
trig                      Increase, then decrease 
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Near-side yield vs multiplicity in pp 

•   Jet yield in pp monotonically increases with N 
•   Ridge in pp turns on around N ~ 40 - 50 smoothly 

Jet region (|Δη|<1) 
Ridge region (2<|
Δη|<4) 

arXiv:1009.4122	  
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Associated yield in PbPb, pPb and pp 

Yield vs pT 

Yield vs N 
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•  Similar	  pT	  dependence	  
for	  PbPb	  and	  pPb	  

•  Larger	  in	  PbPb	  (|Δη|>2)	  
	  

	  

•  Yield	  becomes	  
significant	  at	  N~40-‐50,	  
followed	  by	  a	  
monotonic	  rise	  	  

•  Larger	  in	  PbPb	  (|Δη|>2)	  

CGC:	  Kevin	  &	  Raju,	  arXiv:1302.7018	  

arXiv:1305.0609	  
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v2 in PbPb and pPb 

•  v2	  shows	  similar	  shape	  in	  pPb	  and	  PbPb,	  	  but	  is	  smaller	  in	  pPb	  
•  Peripheral	  subtracRon	  has	  a	  small	  effect	  at	  high	  mulRplicity	  
•  Hydro	  predicRon:	  v2{PP},	  not	  including	  fluctuaRons	  

Dash-‐dot	  line:	  peripheral	  subtracted	   mulRplicity	  
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v2 in PbPb and pPb 
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Figure 36: The differential v2{2} and v3{2} values (open markers) as a function of pT obtained
for |h| < 2.4 from long-range two-particle correlations with |Dh| > 2 for 1 < passoc

T < 2 GeV/c
is shown, together with the differential v2{4} values (solid markers) as a function of pT for
|h| < 2.4 obtained with three reference particles in the pT range of 0.3-3 GeV/c. The results refer
to 2.76 TeV PbPb collisions (left) and to 5.02 TeV pPb collisions (right).

(v2{2, |Dh| > 2}) for 1 < passoc
T < 2 GeV/c, are shown in Fig. 36 in open markers. At a given pT509

value, v2 is observed to be 3–4 times bigger than v3. While the requirement of |Dh| > 2 com-510

pletely removes the near-side jet-like correlations, additional non-hydrodynamical correlations511

from back-to-back jets, as well as effects of energy-momentum conservation on the away side512

of two-particle correlation function could still contaminate the v2 and v3 values obtained from513

two-particle correlations.514

In order to further restrict the residual non-flow effect on the away side, the technique of four-515

particle cumulant is used to extract the v2 value (v2{4}). See section. 6.2 for more details about516

this method. Note that no Dh gap is applied here (as well as in the two-particle correlation517

method) since, upon correlating four particles at the same time the non-flow correlations are518

naturally suppressed, especially for high multiplicity events (in fact, it is suppressed by an519

additional factor of 1/N as compared to two-particle correlation method). The measured v2{4}520

values as a function of pT are also shown in Fig. 36 in solid markers. As one can see, v2{4} is521

below v2{2} over the whole pT range, with similar behavior in pPb and PbPb collisions. This is522

expected because the event-by-event v2 fluctuation contribute to v2{4} and v2{2} in opposite523

ways, approximately following the relations:524

v2{2} =
q
< v2 >2 +s2

v2
, v2{4} =

q
< v2 >2 �s2

v2
, (30)

which always results in a larger value for v2{2} than v2{4}.525

Fig. 37 shows the multiplicity dependence of v2{2}, v2{4} and v3{2} for 1 < pT < 2 GeV/c526

in PbPb and pPb collisions. For Noffline
trk & 40, v2{2} and v3{2} show moderate increase with527

Noffline
trk in PbPb collisions, while they are approximately constant in pPb collisions. On the other528

hand, the v2{4} results show a very intriguing behavior, rapidly turning on at Noffline
trk ⇠ 40� 60529

in both pPb and PbPb , and then remaining approximately constant in Noffline
trk up to the highest530

multiplicity ranges explored in this analysis. Furthermore, the amount of event-by-event v2531
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fluctuations could be estimated from Eq. 30, if one assumes that hydrodynamic flow would be532

the only source of correlations in v2{2} and v2{4}. Considering that this could be the case, then533

sv2

v2
=

s
v2

2{2}� v2
2{4}

v2
2{2}+ v2

2{4}
. (31)

The results for pPb and PbPb collisions are shown in the bottom panel of Fig. 37, indicating534

about 45–55% v2 fluctuations in PbPb collisions, as compared to ⇠ 60% in pPb collisions. Con-535

sidering the expected non-flow effects in v2{2}, these data serve as an estimate of an upper536

limit on v2 fluctuations in pPb and PbPb collisions.537
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•  v2	  is	  smaller	  in	  pPb	  than	  in	  PbPb	  
•  Peripheral	  subtracRon	  has	  a	  small	  effect	  at	  high	  mulRplicity	  
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v3 in PbPb and pPb 

•  v3	  shows	  similar	  shape	  in	  pPb	  and	  PbPb;	  magnitude	  comparable	  	  
•  Peripheral	  subtracRon	  makes	  essenRally	  no	  difference	  
•  Hydro	  predicRon:	  v3{PP},	  not	  including	  fluctuaRons	  
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v3 in PbPb and pPb 

•  v3	  is	  essenRally	  the	  same	  in	  pPb	  and	  PbPb;	  	  turns	  on	  at	  N~40-‐50	  
•  Peripheral	  subtracRon	  makes	  almost	  no	  difference	  
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Summary I 

Comprehensive study of di-hadron correlations in PbPb 
(low and high pT), pPb and high multiplicity pp  

–  vn as a function of pT and centrality 
–  High pT correlations consistent with the jet quenching picture 
–  vn exist in ultra-central PbPb collisions 
–  Re-analysis of peripheral PbPb using identical 

reconstruction, analysis code, …, for comparison with pPb 
–  Large v2{2} in pPb, larger in PbPb 
–  Large v2{4} in pPb, larger in PbPb 
–  Large v3{2} in pPb 
–  Ridge in pp 
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•  Associated yield, v2{4} and v3{2} 
become apparent at about the same 
multiplicity in pPb and PbPb 

•  v3{2} is essentially the same in pPb 
and PbPb at the same multiplicity 
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More CMS correlations/flow results 
3.3 Pseudorapidity dependence of v2 25
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Figure 10: (Color online) Comparison of the four different methods for determining v2 as a
function of pT at mid-rapidity (|h| < 0.8) for the 12 centrality classes given in the figures. The
error bars show the statistical uncertainties only.

applied using a track-by-track weight in forming the differential generating functions. As a
crosscheck, we have confirmed that at mid-rapidity the values obtained with this method agree
with the ones obtained from a direct yield-weighted average of the v2(pT) results from Figs. 7–
9, within the stated systematic uncertainties.

As observed at mid-rapidity (|h| < 0.8) in Fig. 11, the values of v2{4} and v2{LYZ} are in agree-
ment and are smaller than v2{2} and v2{EP}. This behavior persists at larger pseudorapidity,
as shown in Fig. 13, which suggests that similar nonflow correlations and eccentricity fluctua-
tions affect the results over the full measured pseudorapidity range. The results show that the
value of v2(h) is greatest at mid-rapidity and is constant or decreases very slowly at larger val-
ues of |h|. This behavior is most pronounced in peripheral collisions and for the two-particle
cumulant method, which is most affected by nonflow contributions.

To assess whether the observed decrease in v2(h) in the forward pseudorapidity region in pe-
ripheral PbPb collisions is due to a pseudorapidity dependence in the v2(pT) distributions or
in the underlying charged-particle spectra, in Fig. 14 we examine the values of v2(pT) obtained
with the event-plane method for several pseudorapidity intervals in each of the 12 central-
ity classes shown in Fig. 13. From the most central events up to 35–40% centrality there is
no change in the v2(pT) distributions with pseudorapidity within the statistical uncertainties.
Therefore, any change in the v2(h) distribution can be attributed to changes in the underlying
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applied using a track-by-track weight in forming the differential generating functions. As a
crosscheck, we have confirmed that at mid-rapidity the values obtained with this method agree
with the ones obtained from a direct yield-weighted average of the v2(pT) results from Figs. 7–
9, within the stated systematic uncertainties.

As observed at mid-rapidity (|h| < 0.8) in Fig. 11, the values of v2{4} and v2{LYZ} are in agree-
ment and are smaller than v2{2} and v2{EP}. This behavior persists at larger pseudorapidity,
as shown in Fig. 13, which suggests that similar nonflow correlations and eccentricity fluctua-
tions affect the results over the full measured pseudorapidity range. The results show that the
value of v2(h) is greatest at mid-rapidity and is constant or decreases very slowly at larger val-
ues of |h|. This behavior is most pronounced in peripheral collisions and for the two-particle
cumulant method, which is most affected by nonflow contributions.

To assess whether the observed decrease in v2(h) in the forward pseudorapidity region in pe-
ripheral PbPb collisions is due to a pseudorapidity dependence in the v2(pT) distributions or
in the underlying charged-particle spectra, in Fig. 14 we examine the values of v2(pT) obtained
with the event-plane method for several pseudorapidity intervals in each of the 12 central-
ity classes shown in Fig. 13. From the most central events up to 35–40% centrality there is
no change in the v2(pT) distributions with pseudorapidity within the statistical uncertainties.
Therefore, any change in the v2(h) distribution can be attributed to changes in the underlying

12 5 Results

The v4{3} and v4{5} coefficients increase with centrality more quickly than v3 because of the
different underlying mechanisms by which these higher-orders flow coefficients are generated:
while v3 is generated by fluctuations in the positions of the nucleons, v4 is found to be induced
by v2 [24], which is itself due to the hydrodynamic behavior of the produced medium.
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Figure 4: v4{3}, v4{5}, and v4{LYZ} as a function of pT at mid-rapidity (|h| < 0.8) for 12
centrality classes. The error bars show the statistical uncertainties and the colored bands the
systematic ones.

Figure 5 shows v5{2} as a function of pT for four centralities. Fewer centrality classes are shown
for v5 because of the smallness of the integrated v5 values and the low multiplicity for periph-
eral collisions. The v5 results presented here are meant to provide a qualitative comparison with
hydrodynamic calculations. It is observed that the values of v5 are small for pT < 1 GeV/c, but
increase rapidly with pT, similar to hydrodynamic predictions [4].

Figure 6 shows v4 and v6 from the Lee-Yang zeros method as a function of pT for 9 and 7 cen-
trality classes, respectively. The magnitudes of v4{LYZ} are comparable to v4{5} and slightly
larger than v4{3}. It was not possible to extract v6 for the most-central collisions due to the
smallness of the integrated signal and for the most-peripheral centrality bin, because the mul-
tiplcity is too low. We see that the value of v6 is small, reaching a maximum of about 0.02 for
mid-central collisions, and 0.05 for more-peripheral events.

5.2 Npart dependence of vn coefficients

Figure 7 displays integrated v2{4}, v3{2}, v4{3}, v4{5}, v4{LYZ}, and v6{LYZ} as a function
of Npart at midrapidity for pT in the range 0.3–3.0 GeV/c. The pT integration was performed
by weighting the differential vn by the efficiency-corrected pT spectrum for that particular pT
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The v4{3} and v4{5} coefficients increase with centrality more quickly than v3 because of the
different underlying mechanisms by which these higher-orders flow coefficients are generated:
while v3 is generated by fluctuations in the positions of the nucleons, v4 is found to be induced
by v2 [24], which is itself due to the hydrodynamic behavior of the produced medium.
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Figure 5 shows v5{2} as a function of pT for four centralities. Fewer centrality classes are shown
for v5 because of the smallness of the integrated v5 values and the low multiplicity for periph-
eral collisions. The v5 results presented here are meant to provide a qualitative comparison with
hydrodynamic calculations. It is observed that the values of v5 are small for pT < 1 GeV/c, but
increase rapidly with pT, similar to hydrodynamic predictions [4].

Figure 6 shows v4 and v6 from the Lee-Yang zeros method as a function of pT for 9 and 7 cen-
trality classes, respectively. The magnitudes of v4{LYZ} are comparable to v4{5} and slightly
larger than v4{3}. It was not possible to extract v6 for the most-central collisions due to the
smallness of the integrated signal and for the most-peripheral centrality bin, because the mul-
tiplcity is too low. We see that the value of v6 is small, reaching a maximum of about 0.02 for
mid-central collisions, and 0.05 for more-peripheral events.

5.2 Npart dependence of vn coefficients

Figure 7 displays integrated v2{4}, v3{2}, v4{3}, v4{5}, v4{LYZ}, and v6{LYZ} as a function
of Npart at midrapidity for pT in the range 0.3–3.0 GeV/c. The pT integration was performed
by weighting the differential vn by the efficiency-corrected pT spectrum for that particular pT

12 5 Results

The v4{3} and v4{5} coefficients increase with centrality more quickly than v3 because of the
different underlying mechanisms by which these higher-orders flow coefficients are generated:
while v3 is generated by fluctuations in the positions of the nucleons, v4 is found to be induced
by v2 [24], which is itself due to the hydrodynamic behavior of the produced medium.
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Figure 4: v4{3}, v4{5}, and v4{LYZ} as a function of pT at mid-rapidity (|h| < 0.8) for 12
centrality classes. The error bars show the statistical uncertainties and the colored bands the
systematic ones.

Figure 5 shows v5{2} as a function of pT for four centralities. Fewer centrality classes are shown
for v5 because of the smallness of the integrated v5 values and the low multiplicity for periph-
eral collisions. The v5 results presented here are meant to provide a qualitative comparison with
hydrodynamic calculations. It is observed that the values of v5 are small for pT < 1 GeV/c, but
increase rapidly with pT, similar to hydrodynamic predictions [4].

Figure 6 shows v4 and v6 from the Lee-Yang zeros method as a function of pT for 9 and 7 cen-
trality classes, respectively. The magnitudes of v4{LYZ} are comparable to v4{5} and slightly
larger than v4{3}. It was not possible to extract v6 for the most-central collisions due to the
smallness of the integrated signal and for the most-peripheral centrality bin, because the mul-
tiplcity is too low. We see that the value of v6 is small, reaching a maximum of about 0.02 for
mid-central collisions, and 0.05 for more-peripheral events.

5.2 Npart dependence of vn coefficients

Figure 7 displays integrated v2{4}, v3{2}, v4{3}, v4{5}, v4{LYZ}, and v6{LYZ} as a function
of Npart at midrapidity for pT in the range 0.3–3.0 GeV/c. The pT integration was performed
by weighting the differential vn by the efficiency-corrected pT spectrum for that particular pT

v2	  from	  different	  methods:	   v3,	  v4,	  v5	  and	  v6	  from	  different	  methods:	  
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Figure 2: (Color online) CMS p0 meson v2 (solid circles) compared to PHENIX p0 meson v2 [9]
(open circles) for mid-rapidity (|h| < 0.8 and |h| < 0.35, respectively) and CMS charged particle
v2 (open squares, |h| < 0.8). Results are presented as a function of pT for six centrality intervals
(20-30% to 70-80%). Green (grey) shaded bands represent systematic uncertainties associated
with CMS p0 meson (charged particle) v2 measurements. Only statistical uncertainties are
shown for the PHENIX results. The systematic uncertainties for the 50-60% centrality on the
PHENIX data points are 10.4%.

was found to be systematically lower than that for charged particles. This behavior is consis-191

tent with observations at lower collision energies, where this difference is found to be caused192

by the larger elliptic flow of baryons compared to mesons. The differences tend to decrease193

π0	  v2:	   v2	  at	  very	  high	  pT:	  
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CMS correlations/flow papers 
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Backup 
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High-pT vn Measurements 
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the flow background subtraction 
were measured using the HF 
event plane method 
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“Flow” at high pT 

Path length (L) dependence !
of jet energy loss (ΔE)!

Azimuthal anisotropy (v2) of jets!

ΔE ~ Lα: !
α	  =	  1	  for	  QCD,	  collisional	  
α	  =	  2	  for	  QCD,	  radiaRve	  	  
α	  =	  3	  for	  AdS/CFT	  

Also sensitive to initial geometry 
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One pPb collision 

3/4/2013 Dragos Velicanu 4 

Pb p 

CMS	  preliminary,	  	  Ntrk
offline=418	  
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1D Projected Correlation Functions 
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Peripheral subtraction (pPb) 

Fourier decomposition: 

•  Away-side correlations contain non-flow effects 
•  Subtract the data for high multiplicity by low multiplicity to 

correct for this 
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Subtracting peripheral correlations in v2, v3 calculations: 

VnΔ (cent)−VnΔ (peri)×
Nassoc (peri)
Nassoc (cent)

×
Yjet (cent)
Yjet (peri)

Subtract Ntrk
offline<20 (70-100%) to 

avoid removing signal (Ntrk
offline ~ 40) 

Account for the fact that jet  
correlation increases with multiplicity 
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Test our procedure in HIJING 

Weighted by near-side jet yield, most of non-flow correlations are subtracted 
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Multi-particle correlations 
 ¢  ¢ ¢	  
¢  ¢¢ ¢ ¢	  
 ¢ ¢  ¢ ¢	  
¢  ¢¢	  

 ¢  ¢ ¢	  
¢  ¢¢ ¢ ¢	  
 ¢ ¢  ¢ ¢	  
¢  ¢¢	  

ein(ϕ1−ϕ2 ) ein(ϕ1+ϕ2−ϕ3−ϕ4 )

Four particle correlations (Q-cumulant method): remove 2 
and 3 particle correlations 

ein(ϕ1+ϕ2−ϕ3−ϕ4 ) − ein(ϕ1−ϕ3 ) ein(ϕ2−ϕ4 ) − ein(ϕ1−ϕ4 ) ein(ϕ2−ϕ3 )

B. Cumulants of the distribution of |Qn|2

For sake of brevity, we now drop the subscript n and set n = 1 until the end of this paper, unless otherwide stated.
All our results can be easily generalized to the study of higher order vn’s by multiplying all azimuthal angles by n.

The moments of the |Q|2 distribution involve the multiparticle azimuthal correlations discussed in Sec. II D. While
〈

|Q|2
〉

involves two-particle azimuthal correlations, as seen in Eq. (19), the higher moments
〈

|Q|2k
〉

involve 2k-particle
correlations. For instance, we have

〈

|Q|4
〉

=
1

M2

∑

j,k,l,m

〈

ei(φj+φk−φl−φm)
〉

. (22)

These higher order azimuthal correlations can be used to eliminate nonflow correlations order by order, as explained
in Sec. II D. This will be achieved by taking the cumulants of the distribution of |Q|2, which we shall soon define.

1. Isotropic source

Following the procedure outlined in Sec. II D, we first consider an isotropic source (no flow). Using Eq. (21),
〈

|Q|2
〉

is then of order unity, and so are the higher order moments
〈

|Q|2k
〉

. However, by analogy with the cumulant
decomposition of multiparticle distributions introduced in Sec. II C, we can construct specific combinations of the
moments, namely the cumulants of the Q distribution, which are much smaller than unity: the cumulant

〈〈

|Q|2k
〉〉

to
order k, built with the

〈

|Q|2j
〉

where j ≤ k, is of magnitude 1/Mk−1.
As an illustration, let us construct the fourth order cumulant

〈〈

|Q|4
〉〉

. If the multiplicity M is large, most of the
terms in Eq. (22) are nondiagonal, i.e. they correspond to values of j, k, l and m all different. Then, using the
cumulant of the four-particle azimuthal correlation defined by Eq. (12) and summing over (j, k, l, m), it is natural to
define

〈〈

|Q|4
〉〉

as

〈〈

|Q|4
〉〉

=
〈

|Q|4
〉

− 2
〈

|Q|2
〉2

. (23)

The order of magnitude of
〈〈

|Q|4
〉〉

is easy to derive: each term of type (12) is of order 1/M3 as discussed in Sec. II D;
there are M4 such terms in the sum (22); taking into account the factor 1/M2 in front of the sum,

〈〈

|Q|4
〉〉

is finally
of order 1/M . As intended, two-particle nonflow correlations, which are of order unity, have been eliminated in the
subtraction (23).

A more careful analysis must take into account diagonal terms for which two (or more) indices among (j, k, l, m)
are equal. This analysis is presented in Appendix A2, where we show that diagonal terms are also of order 1/M :
they give a contribution of the same order of magnitude as direct four-particle correlations. In the following, we
shall assume that this property, namely that the contribution of diagonal terms is at most of the magnitude of the
contribution of nondiagonal terms, also holds for higher order moments.

Among these diagonal terms are the autocorrelations already encountered in the expansion of |Q|2 [see the discussion
below Eq. (20)], which we define as the terms which remain in the absence of flow and direct correlations. A
straightforward calculation (see Appendix A2) shows that their contribution to the cumulant

〈〈

|Q|4
〉〉

is −1/M . As
in the case of the second order moment

〈

|Q|2
〉

discussed previously, autocorrelations are a priori of the same order
of magnitude as other nonflow correlations. As we shall see later in this section, they can easily be calculated and
removed order by order.

22= + + = +

FIG. 3. Decomposition of
〈

|Q|4
〉

= 〈QQQ∗Q∗〉. In the right-hand side, the first term is of order unity while the second term
is of order 1/M .

Arbitrary moments
〈

|Q|2k
〉

can be decomposed into cumulants, which can then be isolated in a similar way. This
decomposition can be represented in terms of diagrams, like the decomposition of the multiparticle distribution in
Sec. II D. This is explained in detail in Appendix B. For example, the decomposition of

〈

|Q|4
〉

is displayed in Fig. 3.

9

6.2 Cumulant Method 33

cn{4} = hh4ii � 2 · hh2ii2 (15)

Finally, the reference flow vn can be calculated from the two-particle cumulant (vn{2}) and
from the four-particle cumulant (vn{4}), respectively, as

vn{2} =
q

cn{2} (16)

vn{4} = 4
q
�cn{4} (17)

6.2.2 Differential flow419

Similarly to the procedure for estimating the reference flow, four steps are needed to calculate
the differential flow as a function of pT. In this case, however, the two additional vectors should
be defined, pn and qn, with a similar role as Qn in reference flow,

pn ⌘
mp

Â
i=1

einyi (18)

qn ⌘
mq

Â
i=1

einyi (19)

where mp is the number of particle of interest (POI) and mq is the number of particles labeled420

as both POI and reference flow particles (RFP). The q vector is introduced in order to subtract421

effects of autocorrelations.422

The first step to extract the differential flow is to calculate the reduced (i.e., restricted to a
sub-phase window of interest) single-event average 2- and 4-particle correlations, respectively
given by

h20i =
pnQ⇤

n � mq

mp M � mq
(20)

h40i =[pnQnQ⇤
nQ⇤

n � q2nQ⇤
nQ⇤

n � pnQnQ⇤
2n

� 2 · MpnQ⇤
n � 2 · mq|Qn|2 + 7 · qnQ⇤

n

� Qnq⇤n + q2nQ⇤
2n + 2 · pnQ⇤

n + 2 · mq M
� 6 · mq]/[(mp M � 3mq)(M � 1)(M � 2)].

(21)

The next step is to estimate the event average, i.e.,

hh20ii =
Âevents(wh20i)ih20ii

ÂN
i=1(wh20i)i

(22)

hh40ii =
Âevents(wh40i)ih40ii

ÂN
i=1(wh40i)i

(23)

where the multiplicity weights are given by

wh20i ⌘ mp M � mq (24)

wh40i ⌘ (mp M � 3mq)(M � 1)(M � 2) (25)

ϕ1

ϕ2

ϕ3

ϕ4
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Yield from HF based triggers 

•  Reach	  much	  higher	  mulRplicity	  for	  mulRplicity	  triggers	  
•  Difference	  between	  mulRplicity	  and	  HF	  based	  triggers	  for	  jet	  yield	  is	  expected	  
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Multiplicity bins in the analysis 

4 3 Selections of Events and Tracks

time at HLT).

The events were divided into classes of reconstructed track multiplicity, Noffline
trk , where primary

tracks with |h| < 2.4 and pT > 0.4 GeV/c were counted, in a method similar to the approach
used in Refs. [38, 39]. Data from the HLT minimum bias trigger were used for Noffline

trk < 120,
while the track multiplicity triggers with online track thresholds of 100, 130, 160, and 190 were
used for 120  Noffline

trk < 150, 150  Noffline
trk < 185, 185  Noffline

trk < 220, and Noffline
trk � 220,

respectively. This correspondence ensures at least 90% trigger efficiency in each multiplicity
bin. The fractions of MB triggered events after event selections falling into each of the main
multiplicity classes are listed in Table 1. The table also lists the average values of Noffline

trk and
Ncorrected

trk , the event multiplicity of charged particles with |h| < 2.4 and pT > 0.4 GeV/c cor-
rected for detector acceptance and efficiency of the track reconstruction algorithm, as discussed
in the following section. The average Noffline

trk values for MB pPb samples with opposite proton
beam directions are found to be consistent within 0.2%.

In order to compare directly the pPb and PbPb systems using event selections based on the
multiplicity of the collisions, a subset of data from peripheral PbPb collisions collected during
the 2011 LHC heavy-ion run with a minimum bias trigger were reanalyzed using the same
track reconstruction algorithm as the one employed for pp and pPb collisions. The selection
of events and tracks is the same as for the present pPb analysis although a different trigger is
used. A description of the 2011 PbPb data can be found in Ref. [55]. The average Noffline

trk and
Ncorrected

trk values, and corresponding average PbPb collision centrality, as determined by the
total energy deposited in the HF calorimeters [9], are listed in Table 1 for each Noffline

trk bin.

Table 1: Fraction of MB triggered events after event selections in each multiplicity bin, and the
average multiplicity of reconstructed tracks per bin with |h| < 2.4 and pT > 0.4 GeV/c, before
(Noffline

trk ) and after (Ncorrected
trk ) efficiency correction, for 2.76 TeV PbPb and 5.02 TeV pPb data.

PbPb data pPb data
Noffline

trk bin hCentralityi
⌦

Noffline
trk

↵ ⌦
Ncorrected

trk
↵

Fraction
⌦

Noffline
trk

↵ ⌦
Ncorrected

trk
↵

± RMS (%)
[0, •) 1.00 40 50±2
[0, 20) 92±4 10 13±1 0.31 10 12±1
[20, 30) 86±4 24 30±1 0.14 25 30±1
[30, 40) 83±4 34 43±2 0.12 35 42±2
[40, 50) 80±4 44 55±2 0.10 45 54±2
[50, 60) 78±3 54 68±3 0.09 54 66±3
[60, 80) 75±3 69 87±4 0.12 69 84±4
[80, 100) 72±3 89 112±5 0.07 89 108±5
[100, 120) 70±3 109 137±6 0.03 109 132±6
[120, 150) 67±3 134 168±7 0.02 132 159±7
[150, 185) 64±3 167 210±9 4 ⇥ 10�3 162 195±9
[185, 220) 62±2 202 253±11 5 ⇥ 10�4 196 236±10
[220, 260) 59±2 239 299±13 6 ⇥ 10�5 232 280±12
[260, 300) 57±2 279 350±15 3 ⇥ 10�6 271 328±14
[300, 350) 55±2 324 405±18 1 ⇥ 10�7 311 374±16
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Anisotropic azimuthal distributions  

dN
dφ

~1+ 2v2 cos2(φ −ψ2 )+ 2v3 cos3(φ −ψ3)+...
v3:	  Triangular	  flow	  v2:	  EllipRc	  flow	  
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y 

ReacRon	  
plane	  
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(direction of the impact parameter)	


Initial anisotropy 

Hydrodynamic flow in HI collisions 

Pressure	  driven	  expansion	  

Ultracold 6Li fermi gas	


φ!

dN/dφ ~ cos(2φ)!

0! π/2!-π/2!

strongly coupled 
(liquid-like) 

Initial-state eccentricity:!

Initial condition 
Transport coefficients 
Equation of state 


